Commensurability effects between the superconducting flux line lattice and a square lattice (period d=ljim and diameter D=O.4tm) of submicron holes in 1500A vanadium films were studied by atomic force microscopy, DC magnetization, AC susceptibility, magnetoresistivity and I-V measurements. Peaks in the magnetization and critical current at matching fields are found to depend nonlinearly upon the value of external AC field or current, as well as the inferred symmetry of the flux line lattice.
The introduction of periodic arrays of artificial pinning centers into superconducting samples has been shown to give rise to new kinds of vortex behavior that are not observed in the presence of random pinning, e.g., due to matenal disorder or irradiation damage. Commensurability effects between the pin array ( Fig.lb) and the vortex lattice ( Fig.la) lead to greatly enhanced pinning and critical currents at a "matching" value of the magnetic induction, Bj=j.10H1, for which the intervortex distance, av, equals the period of the pin array, d. At this value of B, exactly one vortex resides on each pin site. Any additional vortex generated by increasing the applied field will be accommodated either as a multiple flux quantum per pin site or as an interstitial vortex residing in the superconducting material between the periodic pin sites.
For a square array, H1 = t0/d2. The stability of various interstitial vortex arrangements5, noise patterns and hysteresis in the IV-characteristics, finite transverse critical currents of the moving vortex system and characteristic narrow band noise spectra have been predicted in recent numerical studies6.
Different types of periodic pinning centers that have been studied include micro-holes12, thickness modulations4 and magnetic dots3. Here we investigate the effect of lattices of micro-holes on the vortex dynamics in vanadium films. The characteristic size of micro-holes should be of the same order as the superconducting coherence length (T) =j(l-TrF)"2 (' 100 nm for vanadium at temperatures close to T) to provide effective FL pinning. This imposes limitations on the fabrication technique used to make such pinning centers, and up to now, only electron beam lithography (EBL) has been employed to perform this task i-4 The main drawback to EBL is that it is too slow and expensive to pattern large enough areas necessary for useful sample fabrication. An attractive alternative method for patterning films developed in the present study is based on laser interferometric lithography (IL) 7i2 The main principle of IL is shown in Fig.2 . A silicon wafer with a 100-nm thick, thermally grown SlO, insulating layer is spin coated with a -0.8 1Am thick novolak-based I-line photoresist (Shipley-510). The wafer is exposed to the interference pattern created by two coherent, equal-intensity plane waves derived from a single laser source (X=364 nm from a TEM Ar-ion laser). The plane waves are symmetrically incident about the wafer normal with a separation angle of 20. A simple 90° Fresnel mirror arrangement provides stability for these exposures without requiring an active control loop and also ensures equal intensities. The period is selected by rotating the entire assembly. The resulting aerial image is sinusoidal with a period of X/2sinO. Two exposures with the wafer rotated by 90° yield a square array of photoresist dots. A triangular array could be formed by three exposures with 60° rotations. A post-exposure bake (hotplate, 110°C for 60 s) is used to strengthen the resist to avoid surface-tension induced collapse on developing these high aspect ratio structures'°. Non-linearities in the exposure and development processes transform the sinusoidal exposure profile into nearly vertical sidewalls for the final developed photoresist profile (Fig.3) . Before development, the samples are soaked in chlorobenzene for 60 sec to retard the development of the pillar tops and create an undercut photoresist structure suitable for the subsequent lift-off process. Using c-beam evaporation, a vanadium film is deposited onto the array of photoresist pillars, in this case a l.tm x lj.Lm square array with 0.41.tm pillar diameter (Fig.3) . After lift-off a vanadium film containing the square array of holes is obtained ( Fig.lb and Fig.4 ). This film is patterned into the final structure using standard optical lithography and wet chemical or reactive ion etching ( (Fig. 5b) . In addition, structure in the field dependence of the susceptibility develops which will be discussed in detail below. The two components of the complex AC susceptibility = x' + i" reflect the screening current in the sample (x') and losses (x") respectively. The dependences of the susceptibility on the applied DC field and on AC drive at 4.06 K are shown in Figs. 6a and 6b. A sequence of sharp minima in 'at applied fields H = n H1 is observed, where n=±1, and and H1 = 20.7 G is the matching field for a d = ljim square lattice. These minima in ' are caused by pronounced maxima in the field dependence of the critical current density occurring at the matching fields. This behavior is typically observed in samples containing periodic arrays of pinning sites 2, 3, 18 For small AC-drive amplitudes h0 (Fig.6a) , the minima in ' correspond to minima in X" where n=±1 ; (the case of n±3 will be discussed below). This implies that a maximum in the critical current corresponds to a minimum in the AC-losses, as may be expected.
However, with increasing drive (Fig.6b ) the minima in " at H,, = n H1 transform into maxima. This Fig.6a by increasing the applied field from, e.g., H = 1 H1 to H = 1.5 H1 . If the AC-drive is increased to such a level that flux penetration also occurs in the strong-pinning material (Fig.6b) , then a larger hysteresis loop accompanied by higher AC-losses occurs, arises due to stronger pinning. This is indeed observed, as shown in Fig. 6b . The onset of non-linearity and enhanced AC-losses in a fixed DC-field of magnitude H1 is apparent for AC-amplitudes h= 0.01 G, as shown in Fig.8 , in agreement with the results in Fig. 6 . It can be expected that with increasing H = n H1 this onset field decreases, due to the field dependence ofj. This suggests that the absence of dips in "for n=±3 (see Fig. 6a ) is caused by a crossover into the strongly non-linear regime at this applied field. The prominence of the observed matching fields H =n H1 is temperature dependent. In Fig. 10 , we plot the AC susceptibility (H) for different temperatures. The anomalies in X(H) at H=H become less and less pronounced with decreasing temperature, and at T = 4.04 K we observe a well defined anomaly only at H = H2, and much weaker anomalies at H1 and H3. This result is supported by our DC magnetization (Fig. 1 la) and transport measurements (Fig. 1 ib) , where the resistivity p(H) and the jdata extracted from IV curves show a similar behavior. The suppression of the anomaly at H1 can be explained in the following The maximum number of vortices n which can he trapped in a hole as a multiquantum fluxoid is determined by a simple relation between the hole diameter D and the temperature dependent coherence length (T): n D/4(T) °. For our V film, = 100 ÷ 440 A 131617 T = 4.1 K. and D = 0.4 tm. yielding n < 2 in the interval of temperature AT = T-T = 0.1 K. over which all our measurements were performed. This suggests that we take n I, and assume that only one FL can occupy a hole and that a second FL will he repelled into the interstices. Based on this, we can identify the anomaly in at H = H1 as corresponding to a conliguration for which each hole has exactly one single-, fluxoid. H = W corresponds to the situation in which one vortex is in the hole and one vortex resides in the interstices (Fig.12a) ; and for H = H3, we have 2 interstitial vortices per unit cell of the hole lattice (Fig.12b) . However, the interstitial vortices are not independent from those trapped in the holes. The effective magnetic penetration depth for thin film sample of thickness t is given by A(T) = 2X(T)2/t 21 For the temperature range explored here A(T)> l0m which is much larger than the separation between holes, indicating a strong overlap of flux lines arid their collective behavior. A consequence of this collective behavior is that at low temperatures the interstitial vortices are effectively "caged" by repulsion from vortices sitting in the holes.
The temperature dependence of the "cage potential" was numerically calculated by Khalfin and Shapiro23. They predict that at lower temperatures, a pronounced minimum in free energy F(x) appears at the interstitial site23 causing strong interstitial pinning for H H2. However, for H2 < H < H1 a second vortex enters the interstitial region giving rise to two possible orientations of the interstitial vortex pair, as shown in Fig. I 2b. The activation energy for rotation between these two states is rather weak, leading to an unstable vortex arrangement and suppression of the critical current for H2< H < H3 ( In conclusion, we present a novel fabrication technique for the production of superconducting thin films containing a periodic array of pinning sites in the form of sub-micron holes. This technique is based on laser interferometric lithography. It allows for the fast production of large area samples without the need ofjoining individually written blocks as is necessary in electron beam lithography. We apply this technique for the fabrication of vanadium thin films containing a square lattice of holes with period of 1 j.tm and diameter of 0.4 rim. Sharp anomalies in the ac-susceptibility, magnetization and magneto-resistivity are observed at magnetic fields that correspond to the matching of the vortex lattice to the hole lattice. With increasing ac-drive a characteristic change of sharp minima in the field dependence of " (that is, the dissipation) to pronounced maxima is found. This transformation is explained as the cross-over from linear to non-linear vortex response. The magnitude of the anomalies in at the matching fields reflects the difference in stability of various vortex configurations. The sharp decrease in susceptibility and transport critical current for H>H2 confirms that vortex configurations with two interstitial vortices are less stable than configurations with one or three interstitial vortices.
